Abstract--Due to the long-term goals to achieve a sustainable, secure, and competitive European energy system and the consequent stringent policies for climate change mitigation, renewable energy resources (RES) will necessarily dominate Europe's future power supply. New strategies for electricity network expansion will be needed as the power supply shifts towards a high share of RES generation, in particular, with intermittent nature. Due to the interaction between electricity and gas markets, large-scale RES integration together with developments in Europe's electricity corridors is likely to influence gas consumption and imports of Europe from neighboring countries and hence affect the needs for gas infrastructure expansion. In this paper, the impact of large-scale integration of RES on EU's energy corridors including both electricity and gas infrastructures up to 2050 is assessed using economic optimization and equilibrium network models of electricity and gas markets respectively. Under four different scenarios for renewable integration, future electricity and gas infrastructure needs are determined by utilizing these models while taking into account the interactions between electricity and gas markets.
I. INTRODUCTION
enewable energy sources (RES) are expected to dominate the EU's energy supply in a sustainable future energy system. Large scale integration of RES means that the future power system will consist of a considerably high base-load power generation from RES most of which are of intermittent nature such as solar and wind. High variability of power generation from RES has a profound impact on the control of network flows. More diverse network situations resulting in more congestion are likely to occur, increasing the necessity of electricity network expansion both from a national and international perspective.
There is a strong interaction between the electricity and gas markets. Gas prices and, in general, fossil fuels prices affect This work is a part of the SUSPLAN project (www.susplan.eu) which is sponsored by the European Commission, Directorate General Energy (DG ENER) under 7 th Framework Programme (FP7). 1 Özge Özdemir, Karina C. Veum, and Jeroen de Joode are Scientific Researchers at Energy Research Center of the Netherlands (ECN), P.O. Box 56680, Amsterdam, The Netherlands (Contact details: özdemir@ecn.nl, veum@ecn.nl, dejoode@ecn.nl ). 2 Gianluigi Migliavacca, Andrea Grassi, and Alessandro Zani are Scientific Researchers at Ricerca Sistema Energetico, via Rubattino 54, 20134, Milan, Italy (Contact details: gianluigi.migliavacca@rse-web.it, andrgra84@hotmail.it, alessandro.zani@rse-web.it) the electricity market clearing, being the dispatching solution function of a cost-driven merit order. This dependence has become stronger since the penetration of gas in electricity generation has largely increased in the last decade throughout the EU, mainly due to its environmental advantages over other fossil fuels. Consequently, the integration of large-scale RES and electricity network development plans will in the long term have a direct impact on the gas markets such as gas consumption in power generation will decrease in some countries with high RES generation whereas it will increase in other countries which serve gas-powered electricity generation as back-up for intermittent RES supply. The change in gas consumption levels of power sector will influence gas prices and gas flows to and within Europe and consequently affect the need for expansion of the gas infrastructure. Likewise, the investments in gas infrastructure influence the availability of gas and gas prices which consequently together with CO 2 prices affect the gas powered generation in electricity markets, the level of electricity prices, transnational corridors expansion, and electricity exchange.
In this contribution, we assess the impact of large scale RES integration both on the transnational electricity and gas infrastructures by explicitly addressing the interaction between electricity and gas markets. To this aim, we adopt four different scenarios of RES integration up to 2050 as described in [1] and we utilize gas market model (GASTALE) and electricity market model (MTSIM) to simulate the long-term development of the European energy markets .
In the following sections we briefly describe both the methodology applied and the adopted gas and electricity market models (Section II), providing the main results (Section III).
II. METHODOLOGY A. Description of the Transnational Scenarios
The SUSPLAN project (www.susplan.eu) has developed four scenarios (storylines) diversified on the basis of two main drivers: public acceptance and technological development. The details of the methodology and the assumptions for the storyline framework can be found in [1] . Regarding RES deployment and energy demand developments in electricity and gas sectors, each storyline is characterized by different assumptions:
• Red storyline has the lowest amount of energy provided by RES sources which reaches only up to %40 of total electricity generation in 2050. The energy demand remains to be relatively high until 2050 due to very low environmental awareness among consumers. • Green storyline has significant RES deployment of mainly hydro, solar, wind, and wave and reaches a RES share of 73% of electricity generation in 2050. Moreover, the energy demand is the lowest due to positive environmental awareness.
• Blue storyline also assumes significant RES deployment of mainly wind offshore, solar, wind onshore, and wave with 70% share of electricity generation in 2050; however, due to low environmental awareness the energy demand remains to be high as in Red storyline.
• Yellow storyline assumes moderate RES deployment with 53% share of electricity generation in 2050 which consists of mainly wind and wave. As in Green storyline, the environmental awareness among consumers is high, thus energy demand is lower than Red and Blue storylines.
B. Electricity Market Model: MTSIM
MTSIM is an electricity market simulator which is able to determine the hourly clearing of a zonal market over an annual time horizon and calculate the zonal prices, taking primarily into account variable fuel costs of thermal power plants and other variable costs that affect power plants (such as O&M, CO 2 emissions, etc.) and bidding strategies by producers (in terms of price mark-ups in addition to production costs). Nondispatchable power plants operation (typically RES such as wind, photovoltaic, run-of-river hydro, etc.) is modeled exogenously and hourly generation profiles have to be provided as input to the model. Reservoir hydro stations are modeled by means of their typical hourly balance which takes into account the stored amount of water, intake, and off take as well as a pre-defined amount of natural precipitation which is defined for each month of the year.
The model can handle the transmission bottlenecks by utilizing an equivalent transmission network and power transfer capacities on the interconnections between market zones. The equivalent transmission network is modeled using the so-called Power Transfer Distribution Factors (PTDF 3 ) and active power flows are handled by calculating a DC Optimal Power Flow. The European transmission network has been modeled with an equivalent representation where each country (or aggregate of countries, such as in the Balkans) is represented by a node (i.e. market zone) and interconnected with the neighboring countries via equivalent lines characterized by a transmission capacity equal to the corresponding cross-border Net Transfer Capacity (NTC). Fig.  1 gives the equivalent representation of EU transmission grid where red color represents the DC lines. As far as the NTC values (for both flow directions) are concerned, the latest ENTSO-E available data [2] (summer 2009 /winter 2008-2009) have been used. Moreover, for each cross-border interconnection and for each month, the average hourly exchanged power has been calculated, using data from the ENTSO-E Statistical Database. In case the average hourly exchanged power in a certain month was higher than the official NTC value, the former has been taken into account as the reference interconnection transmission capacity 4 . As far as the electricity exchanges via DC interconnections are concerned, they are independent from the PTDF matrix coefficients (usually DC transits are regulated by an exchange program independent from the flow in the rest of the network). This was implemented by adding two fictitious generators, both characterized by maximum and minimum generation capacity equal to the maximum and minimum transit capacity of the HVDC link, in all the zones that the DC line connects. An additional hourly constraint imposes that the energy generated by one generator is equal to the energy absorbed by the other one in order to simulate the transit of energy from one node to the other. This modeling allows optimizing the usage of the HVDC link because the model will hour by hour take the decision of the optimal transit so as to minimize the overall yearly dispatching cost. A further feature of MTSIM that has been added specifically for the SUSPLAN project is the capability to assess the AC-network expansion needs endogenously, so called "planning modality". In this modality, MTSIM can increase inter-zonal AC transmission capacities in case the annualized costs of such expansions are lower than the consequent reduction of generation costs due to a more efficient dispatching. As far as network expansion is concerned, we used the average cost data (the same for all scenarios) considered within the context of the EC FP7 project REALISEGRID (http://realisegrid.erse-web.it) and based on publicly available sources and feedbacks from Transmission System Operators (TSOs) and from manufacturers.
On the other hand, the DC network in 2030-2050 is estimated in correspondence with each storyline. The expansions of HVDC lines between 2030 and 2050 have been exogenously defined, by hypothesizing their expansion program on the basis of some results of the research project REALISEGRID.
C. Gas Market Model: GASTALE
GASTALE is a game-theoretic equilibrium model of the European natural gas market which includes European gas consumers and gas producers supplying to Europe while taking into account the existing gas infrastructure such as transport pipelines, liquefied natural gas (LNG) shipping network, and storage. The geographical coverage and the network structure of the model are given in Fig. 2 . GASTALE distinguishes among the following market players striving for different optimization goals:
• Producers decide on production and transport to the region of consumption, earning a wholesale price; • Consumers consist of three different market sectors, namely the power generation sector, the industrial sector, and the residential sector. In addition, consumption is divided over three seasons within a year: low, shoulder, and high demand periods representing (i) April-September; (ii) February, March, October, November; and (iii) December-January of each calendar year respectively; • TSOs provide transport through on-and offshore pipelines and LNG shipping; • Storage System Operators (SSOs) regulate injection into storage during the low-demand warm season and withdrawals for consumption during the medium-and high-demand cold season. Producers are the only strategic players and pay TSOs and LNG shippers to transport gas to the market. Storage owners buy gas in the low demand period for sale in the other periods. As in other gas market models (i.e., [3] ) a type of congestion pricing is assumed in transport and storage. In particular, transporters and storage operators are assumed to charge their long-run variable cost (including capital costs) unless capacity constraints bind; if the latter occurs, then the price charged for transport increases until the demand for transport services equals the supply.
The GASTALE model is formulated as a mixed complementarity problem. This implies that optimality conditions of market players' maximization problems together with market clearing conditions give rise to a Nash-type of equilibrium outcomes. Market clearing conditions mainly consist of energy balances between market players (supply equals demand) which determine the wholesale gas prices and the prices for the use of gas infrastructure. For given gas supply and consumption levels at a given time period, the solution of the complementary problem includes wholesale gas prices per season in each consumption region as well as the investment levels for additional transport and storage capacity. The detailed description of the model and its underlying mathematical formulation is given in [4] .
An important feature of the GASTALE model is endogenous investment decision-making with respect to expansion of gas infrastructure. This includes gas pipelines, LNG facilities, and gas storage facilities but excludes gas production assets. For this study, economically optimal expansion of gas infrastructure is determined for every decade (e.g., 2030-2040, 2040-2050) from a short-sighted point of view. Decision for the economically optimal expansion is mainly based on the following rule: if the average yearly congestion price of an infrastructure asset (pipeline, LNG, or storage) over the next ten-year period equals or exceeds X% more of its annualized marginal cost of investment (accounting for depreciation) and operation , then additional capacity will be invested in.
D. Interactions between Gas and Electricity Market Models
The strong interaction existing between gas and electricity markets implies that different developments in RES share in four storylines will have impact on both future electricity and gas infrastructure. Cross-border infrastructure requirements for electricity and gas are modeled using the MTSIM and GASTALE models respectively. In our approach, we simulate the interactions between electricity and gas markets for three separate key years (2030, 2040, and 2050). Investment levels determined for the year i are used as an initial point for the year i+10. For each scenario, our methodology can be summarized as follows: 1) For a given RES development and expected WEO gas price, run MTSIM in "planning modality" and determine the corresponding economically optimal electricity transmission corridors expansion. 2) By imposing the optimal grid expansion defined in Step 1, run MTSIM in "traditional modality"(no grid expansions allowed) to obtain the corresponding gas consumption level from power sector in each EU country in the year i. 3) Run GASTALE with the gas consumption level of power sector provided by MTSIM at Step 2 to obtain the economically optimal gas infrastructure in the year i (as explained in Section II.C) with the corresponding gas prices for each region in Fig. 2. 4) The new gas prices are fed into MTSIM and Steps 2 and 3 are repeated until gas prices and gas consumption levels in power sector converge. If convergence is achieved, move to the next period. With the term "convergence" we intend that, in two subsequent iterations, all gas prices and consumption data exchanged between MTSIM and GASTALE differ of a negligible quantity. The input/output interactions between MTSIM and GASTALE models can be summarized as illustrated in Fig. 3 . In all the scenario runs, it has been observed that convergence is achieved in at most four iterations. 
III. THE RESULTS
The main focus of the study is on the period 2030-2050. In order to bridge the gap from 2010 to 2030, the publicly available infrastructure investment plans ( [5] - [13] ) together with the results of some existing studies (e.g., REALISEGRID [14] - [18] ) are used up to 2030. Hence, the methodology presented in this paper for identification of the key infrastructure developments is implemented for the period 2030-2050.
In order to understand the key drivers of infrastructure development, an overview of differences in implications of assumptions between storylines are first summarized and then a comparison of the results are presented. All the other assumptions of the MTSIM and GASTALE models are fixed across all storylines and for the sake of brevity are not reported here. Please refer to [19] - [22] for the details of the assumptions used in these models.
Apart from the different RES share developments explained in Section II. A. the main implications of the storyline assumptions in both electricity and gas markets can be summarized as follows (see [22] for details):
• Yellow and Green storylines have in common:
Low electricity and gas demand, Low fuel and CO2 emissions costs, 6000MW maximum additional electricity transmission capacity at each border (per decade) due to higher public acceptance.
• Red and Blue storylines have in common:
High electricity and gas demand, High fuel and CO2 emissions costs, 3000MW maximum additional electricity transmission capacity at each border (per decade) due to lower public acceptance. Moreover, the technology development factor to transmit RES generation in each storyline is characterized by utilizing different costs of new electricity transmission capacity installation. The higher the RES share is, the faster the technology developments are, leading to lower installation costs:
• Red storyline has very high installation costs (about 6200 €/MW for AC lines and about 30000 €/MW for DC lines); • Yellow storyline has high installation costs, a little bit lower than the Red storyline (about 6000 €/MW for AC lines and about 26000 €/MW for DC lines); • Blue storyline has medium installation costs (about 5800 €/MW for AC lines and about 24000 €/MW for DC lines); • Green storyline has the lowest installation costs (about 5500 €/MW for AC lines and about 22000 €/MW for DC lines).
A. General Overview of the Electricity Market Results
As regards to the operational costs (i.e. total EU CO 2 emissions and fuel costs), it can be observed (see Fig. 4 ) that the 2030 Green storyline is the most advantageous one, mainly because demand, CO 2 costs, and fuel costs are lower and RES penetration is the highest. Yellow storyline has also low operative costs due to low demand and moderate availability of energy from RES. The Blue and Red storylines show a different behavior: the 2030 Blue storyline is 129.5% more expensive than 2030 Green storyline, while the 2030 Red storyline is the "worst", being by 321% more expensive. These two storylines has higher operative costs mainly because electricity demand, CO 2 , and fuel costs are high. Moreover, the costs in Blue storyline decreases and becomes much lower than Red in 2050 due to high RES penetration until 2050. The operational costs are also reflected in yearly average prices (TABLE I) : The prices in Green decrease and are the lowest in 2050 whereas the prices in Red are the highest. The prices in Yellow are also low due to low demand. In Blue storyline, the prices are at high levels in 2030 and decrease until 2050 to moderate levels due to high RES penetration.
As regards to electricity transmission capacity expansion, AC transmission network expands a lot in Green and Blue Storylines, improving the possibility to dispatch less costly RES generation more efficiently (see Fig. 5 ). Yellow and Red Storylines are the ones in which the installation of new AC capacity is lower. In the Yellow storyline, high installation costs combined with low prices does not make new transmission capacity installations attractive. In Red storyline, installation costs are also very high and there is very low amount of energy available from RES which does not justify the necessity of major installations. Fig. 7 show an overview of the main electricity corridors which require grid expansions in all the storylines. For each interconnection there are two numbers that indicate the maximum and the minimum expansion (in percentage) among all the scenarios. By analyzing the results of MTSIM for the required European transmission corridors in future, it can be observed that some expansions are common to all the storylines and they seem to be fundamental for a better exploitation of the network potentiality whatsoever the future system scenarios. In particular, the corridors that connect the Central Europe with the Iberian Peninsula (ES-FR, FR-DE, FR-BL, FR-IT, DE-PL) are expanded in order to exploit all the potential RES generation and feed the consumption centers (e.g. those placed in central Europe) at minimum marginal cost. Some corridors placed in Eastern and South-Eastern Europe (AL-GR, RO-UA_W and SK-UA) are significantly expanded in all the storylines too.
B. General Overview of the Gas Market Results
While public attitude directly affects the gas consumption (e.g. a highly environmental attitude, as in the Green storyline, implies more efficient use of energy and therefore lower demand of energy sources including gas), technology development in the electricity sector has also an influence on the gas consumption of power sector through the deployment Fig. 8 shows the demand for gas in the four storylines as well as the gas allocation of total gas demand across the three distinguished gas consuming sectors. From this figure we observe that the differences in gas demand are particularly driven by developments in the electricity sector, and to a lesser extent by developments in the residential sector. Furthermore, due to similar background regarding fossil fuel prices and energy demand, the gas prices of the Yellow and Green storyline on the one hand and the Red and Blue storylines on the other show a similar development at comparable levels. Contrasting the high gas demand storylines (Red & Blue) with the low gas demand storylines (Yellow & Green), we observe that the average EU gas price in 2050 is about €1.4 per GJ lower in the latter than the former storyline.
Regional or country-based increases or decreases in gas demand can be considered as a primary driver for gas infrastructure investment of different types. The need for total investments until 2050 in new pipelines and LNG terminals enabling more gas imports from outside the EU is the highest in the Red storyline (see Fig. 9 ). This is explained by the high level of gas demand throughout the period, which resultsgiven the presumed inability of the EU to increase its indigenous gas production -in a much higher gas import dependency. The Green storyline has the lowest total investments due to the low gas demand from all sectors. Also the total investment levels within the period 2030-2050 in both the Blue and Yellow storylines are relatively low due to stagnation in gas demand after 2030. The gas demand in Blue mainly decreases with increase in RES share of electricity generation while in Yellow gas demand decreases mainly due to high environmental awareness of consumers. The increase in LNG import capacity over time across different storylines is limited. Although investment in LNG receiving terminals continues at a rate of about 20 billion m 3 per decade in the Red storyline, almost no LNG investment takes place after 2030 in other storylines. This may be explained by the fact that due to the relatively lower level of gas demand in the other storylines, pipeline supplies are generally preferred over LNG supplies due to economic considerations. With LNG being a relatively more expensive gas supply option for the majority of EU countries, additional demand for EU external gas is pre-dominantly served by pipelines. Fig. 10 and Fig. 11 show the investments in EU import capacity and EU internal pipeline capacity respectively. Results concerning the upgrade of EU pipeline capacity show that some cross-border investments are robust across the different storylines whereas other cross-border investments are storyline dependent. The South-East European corridor is an important supply corridor in all storylines. Cross-border investment in the gas corridor from Turkey to Central Europe and relatively smaller investment in the Northwest European pipeline system are constant across storylines. Upgrades in the Northwest European region are, despite of possible changes in gas flow patterns, rather limited due to the already quite developed infrastructure there. The infrastructure in this part of Europe will be increasingly used to accommodate import flows whereas it has been used to accommodate Dutch and UK export flows previously. Important storyline differences can be observed especially in the Southwest and South of Europe where additional EU internal pipeline investments are required to facilitate mostly for pipeline imports from Algeria (to Italy and Spain) and LNG imports (via Italy). Since the need for additional imports from Algeria and LNG exporting countries is different across storylines, also infrastructure investments are storyline-dependent. Especially in the Red and Blue storyline Italy is, for example, an important gas hub for both LNG and pipeline imports, giving rise to significant capacity upgrades of its interconnections with Germany and Central Europe.
Based on the gas flows simulated in the analysis, additional observations can be made with respect to the relevance of particular gas corridors and cross-border interconnections in the future gas system. Although the identified infrastructure investments provide an indication of pipeline routes where gas flows are likely to increase over time, it may be informative to assess particular pipelines with a decreasing gas flow as well. In the period up to 2050, a shift in EU relevant gas corridors may take place. Comparing the 2010 and 2050 gas flows the following observations are made:
• The increasing depletion of gas reserves in the UK and the Netherlands significantly reduces the gas flows from Northwestern Europe to neighboring countries (i.e. NetherlandsGermany, UK -Belgium interconnections).
• A large increase in direct gas flows from Russia to Germany via the proposed North Stream corridor reduces the gas flows from Russia via the Central European corridor in all storylines.
• Italy emerges as a gas hub in all storylines although its relative importance differs across storylines. Its gas hub position gives rise to a net gas flow from Italy to Germany and Central Europe. The Italian gas imports that allow Italy to become a transit hub originate from Algeria, Libya, and various LNG exporting countries.
• Spain increases its importance as gas transit country to varying degree across storylines due to increased exports of Algeria to the EU borders.
• Across all storylines, Turkey and the Balkan region emerge as important gas hubs. Gas is sourced from Central Asia and Russia, and re-exported to South-East Europe and from there further into Central and Western Europe.
The decline in indigenous EU gas production is similar across the four storylines, decreasing from 85 billion m 3 per year in 2030 to about 30 billion m 3 per year in 2050. This implies that the depletion of own gas reserves takes place irrespective of particular future gas demand developments. The dependency on gas imports thus varies with the level of total gas demand: the higher the demand for gas over time is, the larger the import dependency becomes. Gas import dependency (in % of total demand) increases in all storylines but at a relatively slower rate in gas-extensive storylines (i.e. Yellow and Green). Gas import dependency of the EU in 2050 varies between 91% (Green) and 96% (Red), whereas dependency is 'only' 69% in 2010. This corresponds with an import volume of gas in 2050 between 291 (Green) and 815 (Red) billion m 3 per year, compared to a total amount of EU gas imports of about 365 billion m 3 per year in 2010. The difference between the 2050 EU import volumes across the storylines signals that there is large uncertainty with respect to the future gas import level. Although there is a large difference in total EU gas import volume in 2050 across storylines, the import dependency in relative terms is not much affected. Russia is the largest supplier of gas to the EU market in all storylines until 2050. The market share of Russian supplies in total EU demand is not the highest in the gas-intensive Red storyline (30%) but in the gas-extensive Green storyline (little over 50%). The reason for this is that at relatively low gas demand levels Russian gas is the preferred source for imports: other gas suppliers are relatively more expensive and thus only come into the picture when gas demand (and gas prices) is at relatively higher levels. Hence we observe the paradox result that diversification of gas import sources increases with an increase in total gas demand. In the Red and Blue storylines, the EU dependency on Russia remains at about 30 to 25% of total demand until 2050. After Russia, Algeria is the second-largest EU gas supplier in all storylines, with an average share of about 20% in the Red and Blue storylines. Norway supplies about 10 to 15% of EU gas demand across the different storylines. The share of other gas suppliers in total EU gas demand varies from 2 to 8% across storylines in the period until 2050.
C. Interaction between Electricity and Gas Markets TABLE II summarizes the joint implications of different RES penetration on various aspects of the future electricity and gas markets. In our analysis, we observed that the electricity infrastructure costs of integrating renewable electricity are higher in especially storylines with many locations (e.g., countries) having high RES penetration combined with low demand. This is caused by an increasing need to transfer large volumes of electricity through Europe to match favorable RES generation regions with existing load centers. In a high demand storyline, the need to transfer large volumes of power is observed to a lesser extent since it is easier to match demand and favorable electricity production locally. However we need to take into account gas infrastructure developments as well. A low energy demand combined with high RES power generation leads to low gas consumption in all sectors The lower the gas consumption, the less the need for additional gas infrastructure and the less the cost of gas infrastructure of different types. Lower gas consumption also improves security of supply somewhat, although at least 90% of total gas demand in 2050 needs to be imported in any case due to the depletion of EU gas reserves.
Moreover, we observed that different future energy backgrounds have different implications for the cost of generating electricity. In particular future energy systems with high penetration rates of renewable electricity, the total costs of fuel (and CO 2 emissions) is low but the capital costs of generation capacity high, whereas this is exactly the other way around in future energy systems with low penetration rates of renewable electricity. 
IV. CONCLUSIONS
From the analysis on future electricity infrastructure developments we conclude that a strong increase in the penetration rate of especially large-scale renewable electricity generating units (i.e. large-scale offshore wind parks) has large impact on the future need for electricity infrastructure upgrades, both in offshore DC and in onshore AC lines. Since most favorable wind locations generally lay in the southwestern and north-western parts of Europe a substantial share of future investments need to go to strengthening of the electricity corridors from south and north-western Europe to central and Eastern Europe. Because of the insufficient geographical match between favorable RES generation and large load centers, large electricity network upgrades are required.
Future infrastructure developments on the gas market are determined by the inevitable transition towards much higher gas import dependency on the one hand and the further infrastructure needs resulting from a possibly larger role of gas consumption in the electricity sector on the other. The share of gas in the electricity sector is, among other factors, dependent on the penetration rate of centralized and decentralized renewable electricity generation. A relative gas-extensive future electricity generating mix (such as in the Green storyline) naturally sees a much lower gas infrastructure investment need compared to a relative gas-intensive future electricity generating mix (such as the Red storyline).
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